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 第 3 の花によって識別学習の程度が低下したのは、情報が複雑になったことで学習のコ
ストが増大し、学習のコストに対する利益が相対的に目減りしたことが原因と思われる。こ
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Chapter 1: General introduction 
Pollinators’ foraging behavior is one of the major determinant of plant-pollinator interactions. To date, 
many studies have explained pollinator behavior in the context of optimal foraging theory, in which 
animal’s behavior is assumed to optimize to maximize the rate of net energy gain. However, pollinators 
would not always be able to optimize their behavior as there are the limitations in their cognitive ability. 
The purpose of this thesis is to clarify the effect of limitations in pollinators’ cognitive abilities on their 
foraging behavior. 
 
Chapter 2: Effect of flower perceptibility on spatial-reward associative learning 
The associative learning of spatial and reward information is generally considered an adaptive 
behavior of pollinators that collect food from renewable resources. However, learning may not always 
maximize foraging efficiency if choosing a high-reward location accurately based on learned 
information imposes a time cost on the forager (speed-accuracy trade-off). To examine the effect of 
speed-accuracy trade-offs on associative learning, I observed bumble bees, Bombus ignitus (Smith), 
foraging in mixed arrays of high- and low-rewarding artificial flowers under two conditions i.e., arrays 
of small flowers where bees could not easily recognize the next flower, and arrays of large flowers 
where bees could easily recognize the next flower. When flowers were small, bees created foraging 
routes by selectively incorporating the locations of high-rewarding flowers with their experience. 
When flowers were large, bees flew between flowers more quickly than when flowers were small, 
creating foraging routes without accounting for the locations of high-rewarding flowers. Estimated 
foraging efficiency was higher when flowers were large than when they were small, at least until 
flower visitation number reached 3,050, suggesting that rapid foraging might be a better choice than 
accurate foraging when individuals are able to locate flowers easily. The results suggest that, 
associative learning of spatial and reward information might be a choice that foragers can apply 
according to the cost-benefit balance of learning.   
 
Chapter 3: Effect of the third flowers on the discrimination learning between rewarding and 
deceptive mimic flowers 
Some plant species produce non-rewarding deceptive flowers that attract pollinators by mimicking 
rewarding flowers. Here, I examined the effect of “third flower” on the discrimination learning of 
bumble bees (B. ignitus). To this end, I conducted experiments using three kinds of artificial flowers: 
(1) rewarding blue flowers (model), (2) two types of non-rewarding flowers that differ in color 
similarity to the model (mimic: sky-blue or ink-blue), and (3) rewarding yellow flowers (third). Based 
on the bee color hexagon (Chittka et al. 1992: J Comp Physiol), color distance between blue and sky-
blue is 0.058, and blue and ink-blue is 0.124, respectively. When the mimic of ink-blue was used, bees 
could easily discriminate to the model (experiment 1), and when the mimic of sky-blue was used, bees 
could not easily discriminate to the model (experiment 2). When the bees foraged in the mixed array 
of the models and mimics, they learned to avoid mimics with their experience, irrespective which color 
(sky-blue or ink-blue) was applied for the mimics. However, in the array of models, mimics and thirds, 
bees almost did not avoid mimics even after they gained experience, when the color of the mimics was 
sky-blue. When the color of the mimic was ink-blue, bees learned to avoid mimic. In the array of 
models and thirds, bees equally visited both types of flower. These results suggest that the third flowers 
affect discrimination learning of rewarding and deceptive flowers by bumble bees, while its effect 
would depend on the similarity between rewarding and deceptive flowers. Learning to distinguish 
deceptive flowers from rewarding ones have generally been considered to increase net energy gain as 
it will decrease time and energy cost associated by the visiting to non-rewarding deceptive flowers. 
However, learning would not always maximize foraging efficiency depending on the cost benefit 
balance of the learning.  
 
Chapter 4: Effect of the flower feature on the flower constancy 
I also conducted experiment related to flower constancy, the tendency of individual pollinators to 
exclusively visit certain flower species bypassing other available flower species that could potentially 
be more rewarding. To date, several nonexclusive hypotheses have been proposed to explain flower 
constancy. The most popular explanation is search image hypothesis, which states that flower 
constancy occurs because pollinators use a “search image” that is attributable to attentional focus in 
its short-term memory. However, little evidence exists for the formation of search images in pollinators. 
To test search image hypothesis, I examined the effect of flower size and flowers color on flower 
constancy of bumble bees (B. ignitus). Flower selectivity increased with decrease in flower size, and 
within-bout constancy, measured as the tendency of flying to the same flower types in succession 
compared with the expectation of a given flower selectivity within a bout (single round trip between 
the hive and foraging patch), increased with increase in color distance between flowers. These results 
indicate the effects of attentional focus in short-term memory on flower choice by bumble bees, and 
generally consistent with the search image hypothesis. 
 
Chapter 5: General discussion 
Series of the results of my experiments indicate that the effects of limitations in their cognitive abilities 
are not negligible in understanding the behavioral rule of pollinators. Considering both the positive 
and negative aspects of pollinators’ abilities would thus help in understanding the evolutionary and 
behavioral interactions between plants and flower pollinators.   
 











  博士学位論文審査の結果の要旨について、下記のとおり報告します。 
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 なお、本審査論文の成果の一部は、国際専門誌 Behavioral Ecology and Sociobiology に
公表されており、関連する国際学会・国内学会大会において発表されている。2017 年 3 月の
第 64 回日本生態学会では、優秀ポスター発表賞を受賞し、その内容が高く評価された。 
 
 以上を総合して判断した結果、当審査委員会は、本申請論文が博士（理学）の学位を授与
するに値するものと認め、合格と判定した。 
